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ByIaurenceK.k~in, Jr.,andUillim “J.Bursnall

Resultserepresentedofantivestigationmadetodeterminethetwo-
dimensionalliftenddragchmacterikticsofnineNACA6-seriesairfoil
sectionsatReynoldsnuuibersof1~.Ox 106, 20.0 x 106, and25.O x 106.
AlsopresentedaredatafromNACARep.No.824forthesamea=oils at
Reynoldsnuuibersof3.0 x 106,6.o x 106,and9.0x 106. Theairfoils
selectedrepresentsectionshayingvariatio~intheairfoiltihiclmess,
thicknessform,andcember.Thecharacteristicsofenairfoilwitha
splitflapweredeterminedinoneinstance,aswastheeffectofsurface
roughness.Qualitativeexplanationsh termsofflowbehaml.orare
advancedfortheobs’ervedtypesofscaleeffect.

lllI!ROl?UCTION

TwO-imlensionalaerodmkc dataobtainedatRe.mold.snu&ers
of 3.0 x 106, 6.o x 106, and 9.0x 106arenowgenerallyavailablefora
lergenuuiberofsystematicallyderivedN/WAairfoilsections(reference1)
TheReynoldsmmiberrangekom 3.0 X 106to9.0 X 10~issufficientto
satisfyengineeringneedsformanypracticalapplications,buttherecent
trendstowardbothterylergeemdveryhigh-speedaircrafthaveemPhasize3

.

thenecessityforaerotic dataat-hi&ervaluesoftheReyaol~nuniber.
An investigationhasaccordinglybeenmadeoftheaerodynamiccharacter-
isticsofa mmberofsystemicallyvariedNACA6-seriesairfoilsat

zRefioldsnmbersof15.0 X 10 , 20.0 x 106,~d 25.0 x 106. Theresults
ofthisinvestigationathighReynoldsnumberstogetherwiththosefrcnn
reference1 fortheseineairfoilsatReynoldsnmbersof3.0 X 106,
6.0 x 106,and9.0 x 106arepresentedinthepresentpaper.These
resultsaresnal.yzedandpossiblequalitativeexplanationsintermsof
flowbehaviorareadvancedforthetypeofscaleeffectsobsemed.

Theairfoildesi~perimetersvariedwerethethiclmess,thickness
form,andcsmber.TheNACA63 serieswaschosenasthebasicgroupfor
investigationbecause,onthebasisofavailableinformation,these
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airfoilsap~sredtooffergoodlow-syeedcharacteristicswithaminimum
ofcompromisefromconsiderationofthehigh-speedcharacteristics.
Symmetricalairfofisofthisserieshavhgthicknessratiosof6, 9, M,
ad 1.8percentofthechordweretisted.Variationsinthethlclmess
formwereinvesti~tedforthicknessratiosof6 and9 yercentofthe
chord,andtheeffectofa EM&Uamountofcauiberwasdetemninedfor
thicbess~tiosof9 percentand12percentofthechord.me sys~~tic
investigationwasmadewiththeairfoilsinthesmoothcondition,although
theeffectsofsurfacero*ess weredeterminedinoneinstance.tie
testwasalso
flap.
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sectiondragcoefficient

3&t coefficient.

sectionliftcoefficient

-e ofattack

Reynoldsnumberbasedonfree-stieamveloci~andairfoilchord

ReynoldsrnniberbasedonMstenoe
pofitand.-trSIlf3itionpoimtand
%oundarylayeratthepointof

airfoilchord

%etweenlmdnarseparation
localvelooiwoutsidethe
separation
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Windtunnel.-AllthetestsweremadeintheLangleytwo-dimensimal
low-turbulencepressuretunnel.Thetestsecticmofthistunnel
measures3 feetby7.5 feetandthemodel,whenmounted,completelyspanned
thes-footdimension.Sealsintheformoffelt-hacked,woodenendplates
wereinstalledbetweentheendsofthemodelandthetunnelwalM topre-
ventairleakage.Liftmeasurementsweremade%ytakingthedifference
betweenthepressurereactionuponthefloorandceil% ofthetunnel.
Dragresultswereobtainedbythewake-swveymethod.A morecanplete
descriptionofthetunnelandthemethodofobta~n andreducingthe
datamaybefoundinreference2.
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NACATNNo.1773 3

Models.-Thentieairfoilsectionsforwhich,experhentalaerodynamic
characteristicswereobtatiedare:

mm 63-006 NACA64-006 NACA65-006
mm 63-009 NACA64-009
TWA631-012
NACA633-0J3
NM!A63-209 “
NACA631-212 0

Themodelsrepresentingtheairfoilsectionswereof2&3nchchordend,
withtheexceptionofthemodeloftheNACA633-018a=oil whichwasmade
oflmnhatidmahogany,allwereofmachinedmetal.Allthemodelswere
paintedwithlacquerendsandedwithNo.400carbomndumpaperuntil
aero@smicallysmoothsurfaceswereob%ed. Theordinatesofthe
modelstestedarepresentedintable1. Completedescriptionsofthese
airfoil.sections,includingthemethodsofderivationandtheoretice2.-
pressure-distributimdata,ereavailableinreference1.

Tests.-Liftandikragmeasurementsweremadeforeachsmoothairfoil
atReynoldsnmibersof15.0 X 106,20.0 x 106, and25.0 x 106withthe
exceptimoftheNACA633-oMairfoil,whichwastestedonlyatReynolds
nuuibersof15.0 x 106and20.0X 106.Tankpressureswereregulatedso
thatMachnumbereffectswouldbenegligible.E addition,theliftof
theNACA63-009atifoilwitha O.20csimulatedsplitfla deflected600

zwasmeasuredatReynoldsmmibersof9.0X 106,15.0 X 10,20.0x 106,
* 25*ox 106. Theliftanddragcharacteristicsoftheplain
NACA63-009a&foilwitha roughenedleadingedgewerealsodetemined
atthethreehigherReynoldsnumbers.Thestandardroughnessemployed
consistedofO.Oll-tnchcarborundmngrainssecmd witia lightcoatof
shellacovera surfacelengthof8 percentofthechordbackfranthe
leadlcgedgeontheupperandlowersurfacesoftheatifoil.‘Thegrains
werethinlyspreadtocoverfrom5 to10percentofthiserea.

RESOLTS

Thebasicdataobtainedh thepresentinvestigationforthediffer-
entairfoilsarepresentidintheformofstandsrdliftanddragcoeffi-
cientsinfigures1 to9 forReynoldsn~ers of15.0x 106,20.0x 106,
and 25.0 x 106 togetherwithdataforReynoldsn~ers of3.0x -LoG,
6.0 x 106,and9.0 X 106&&enfromreference1. W orderb facilitate
theanalysisoftheeffectsofvariationsintheReynoldsnuiberupon
theaerodynamiccharacteristicsandthemannerk whichthesevmiations
aresffectedbyairfoildesign,someof~ 5mportantaerodynamiccharac-
teristicsofeachsectionhavebeenplottedagainstReynoldsnuuiberin
figllMs10to3.2.Compensationfortunnel-walleffectshasbeenmadeby
theapplicationoftest-datacorrectionsasexplainedinreference2.

.
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DISCUSSION

Sincescaleeffectsaretieresultofchangingboundary-layercondi-
tions,anyexplanationoftheseeffectsmustnecessarilybebasedupon
thevariationofboundary-layerstructureandactionwithReynoldsnzmiber.
Theexactextentandnatureofthesechangesarenotreadilypredictable ‘
fromtheamountemdtypeofdataobtainedinthepresentinvestigation.
Througha considerationofacce~tedboundary-layerlmowledge,hqrever,a
qualitativeexplanationofthetestresultsispresentedintermsof
boundary-layerphenamma.Of”moregeneralinteresttothedesigneris
theselectionofanatifoil.stitablefora particularpracticalapplica-
tion● Withthispuryoseh mhd, anattemptismadeintheanalysisto
givesomeindicationofthevariationsinscaleeffectthatarisefrom
changingthebasicairfoildesignyerametersofth.iclmess,thickness
form,md camber.

w-

~ drag.-Thereactionoftheminimumdrag
smothairfoilstoincreasingReynoldsnmber,shown

coefficientof
in figure 10, is

attributedtotherelatives=re@thsoftwoi&eractingbo&iery-iayer
changes.A thinnhgoftheboundarylayerwithticreas~Reynolds
numbergivesa gradualdecreaseofminimumdrag.As theReynoldsnum-
beristicreasedbeyonda certainvalue,however,thetransitionpoint
beginstomoveforwardandthedragticreases.Thehitialdecreaseof
ndnimumhag withincreasingReynoldsnumber,shownbythedataforsme
ofthesmoothairfoils,indicatesthatbouadery-lsyerthindngisthe

ominan.tactiontaldngplaceatthelowerReynoldsnumbers.Thesubs-pred
quentflattenhgofthescale-effectcurvesrevealstheregionwharethe
transitionoftheboundarylayerisbeg- tomoveforward.ThefU
rapidticreaseh mhtmumdragwithReynoldsnumberincreaseindicates
thatforwardmovementoftmmsitionisthecontrollhgfactor.

Althoughthesegeneraltrendsareshownbythedataforalltheair-
foils,theReynoldsntiersatwhichtheclifferenteffectspredomtaate
dependsomewhatonairfoildesign.Someideaoftheeffectofthiclmess
ratiouponthemannerinwhichtheminimumdragvariestithReynoldsnum-
bermaybegainedbya comparisonofthedatafortheNACA63-series
syrmnetiicd.sectionshav@ thicknessesfrom6 percentto18percent
chord,presentedYnfigure10(a). Theflatportionsofthedrag-scale-
effectcurvesforthe6-percent-thickand9-percent-thicksectionsshow
thath theReynoldsnmiberrengebetween3.0X 106andapproxi-
mately10.0X 106theboundary-layerthinningendtransitionmovement
sreappro-telylmllancedtithrespecttotheiropposingtendenciesto
changethemildmumdrag.ticreasingthe.Reynoldsnmiberforthese
sectionsbeyond10.0X 106br~s aboutthepredominanceoftheforwerii-
movin.glnmnsitionregionjasshownbytheincreaseofnirdmumdrag.
TheresultsfortheairfoilsofE-percentand18-percentthicknessshow

.

.
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.

a gradualdecreaseoftheminimumdragcoefficientwithReynoldsnuder
wtthinthatrangewherethe@ remainedymcticallyconstantforthe
thinnersections.5s decreasecontinuesuptoa Reynoldsmmiber
of10.0x 106forthe12-yercent-thicksectionandupto15.0X 106for
theNAM 633-oMairfoil,ef%erwhichthedragincreaseswithfurther
increaseinReynoldsnmiber.

Ascon-ted tothethhmerairfoils,theflowconditionsofthe
thickerairfoilsareseentobemorefavorablefordelayingtheforward
movementoftransition.An inspectionofthepressure&r&ilmtions
(refe~nce1)forthesectionsconsideredInthethiolmesdveriation
showsthatasthethiclnessincreasesthenegativepressuregradientover
theforwardpartoftheatifoilbeccmmsmorenegative.Theimflueuceof
theairfoil.pressuredistributionuponthemovementofthetiition
pointwithRe~oldsnuniberhasbeeninvestigatedbySchliohtingandUlrich
(refemmce3). Theresultsofthisworkshowtheex!.stenceofa critical
boundaby-layerReynoldsnwnberR8afitabovewhichthehnimr mer
isnolongerstableandmaybecometurbulent.Furthemmxe,thevalueof
thecriticalboundery-layerReynoldsn~er isshowntoincreaserapidly
andthelemharbounderylayertobecmeticreasinglystibleasthe. pressuregrddientalongthesurfacebeccmesmorenegative..Thegreater
negativepressuregradientsofthe12-yercent-thickand1$-pement-thick
sectionsme probablyresponsiblefora delayM theReynoldsmmiberat
whi~htransitionmovesforwardend,hence,a netdragreductionis
noticeableforthethicksectionsuptofairlyhighvaluesoftheRe~lds
nwnber.

Becauseofthemennerinwhichthecharacterofthedrag-scale-effect
curvesvarieswith&oil thickness,themhimumdragcoefficientshows
a trendti~a decreasingwithticreasing

Y
oilthicknesswithinthe

rangeofReynoldsnunberbetween15.0x 10 and 25.0 x 106.Thetrend
isnotentirelyconsisted,enditcannotbeassumedthatanyadvantage
canberetatiedbythbthickersectionsasthevalueoftheReynolds
nuuiberisincreasedbeyondthosecoxisideredinthisinvesti~tion.The
resultwoftestsmadeontheseseinesectionswiths@ndardleaMng-edge
roughnesshavebeencorrelatedtogivethevariationofminhum&ag
withthiclmessratioataReyuoldsnmiberof6.0x 106(reference1).
Theseresults,whichcorrespondtofollydevelopedturbulentboundary
layersonthea~oil surfaces,showthatthemidmuudragincreases
fairlyrapidlyasthethiclmessofthesectionisincreased.Thefact
thatthedragata Reynoldsnuniberof25.0x 106isapproximatelythe
saw forthesmoothairfoilsofdifferentthicknesseswouldseemto
indicatea variationh therelativeextentofturbulentflowonthe
differentairfoils.Ifsuchisthecase,increasingtheReynoldsnum-
berbeyond25.0x 106toa valueatwhichfullydevelopedturbulent
layersexistonthesurfacesofalltheairfoilswould~esumablyresult
inndntmumdragcoefficientswhichincreasewithairfoilthicknessratio.

. . . —-. . . ... .. _________ ___ ___ -—--—- --——. .- ~.-.——— -—-. .--— - .-. —,.... .... . _-_—



6 NAOA~ NO. 17’73

ThegreaterextentofthelaminarboundaryLayerwhichresultsas
thepetitofMinimumpressureismovedreerwardisevidencedbytheyro-
gressivel.ylower “minimumdragcoefficientsoftheNACA63-006,
MACA64-006,andIJACA65-006airfoilsectionsata %ymoldsnuniber
of3.0X 106(fig.10(b)). b general,mov~ thepointofminimum .

pressurerearwardhaslittleeffectonthesequenceh whichtheboundary-
layereffectsoccur.Thevaluesofthedragcoefficientfortheseair-
foilsappeartoberelatively~ensitivetovariationsintheReynolds
nuiberuntila Repoldsmmiberoftheorderof15.0x 106isexceeded.
AthigherReynoldsnumbers,therateofforwardmovementoftmnsition
appesrstobereducedasthepo~t ofm3nimunpressureismovedfrom
30percentto40~rcentchord.Furtherrearwardmovementoftheposition
ofMnlmumpressurehaslittleeffectontherateoftheforwardmovement
oftransition,atleastforthesethina~oils. Thedatafortie
9-percent-iihick63-seriesand64-seriesairfoilsshowthessmetrends.

An ~pectionoffigure10(c)showsthattheadditionofa small
amountofcambertothe9-yercent-thickandM!-percent-thick63-series
sectionsdoesnothaveanyconsistenteffectuponthevalueofthe?mMmum
dragbetweenReynoldsnunibersof3.0x 106end9.0x 106.lhcreasesin
theReynoldsnumberbeyond9.0X 106,however,appeartocausemorerapid
forwardmovementoftransitionforthecamberedairfoilsthanforthe
synmmixicalairfoils.Onlytwocamberedsectiansweretested,however,
andthisbend isthereforenotverywellestabUshed.

me a~tion ofstandardroughnesstotieNACA63-oo9section
(fig.1O(C))tamesalarge.increasei.thendnlnnmdragatallReynolds
numbers,butincreasingtheReynoldsnuderhasa favorableeffectin
redudng the drag. These resultsaretobeeqectedfroma consideration
ofboundary-layertheoryfora fullydevelopedturbulentboundarylayer.
(Seereference4.)

Low-dragrange.-IhcreasingtheReynoldsmmiberfra 9.0X 106
to15.0X 106resultedh thealmostcompletedisappearanceofthelow-
- -e ofsJJ-theairfoilsexceptthatof18-percentthickness
(figs● 1 to9)● Thepreviouslydiscussedpredominatinginfluenceof
forwerdmovementoftransitionatthehigherReynoldsnmibers,together
withthe~lumce ofpressuregradientupontheReynoldsntieratwhich
tMs forwardmovenientbeginstopredominate,explainsthesehag results.

Dragdata outsidethelow-drafzr- e.-Thedragpolsrsforthe
differentatifoils(figs.1 to9)indicatethat,fora givenliftcoeffi-
cientoutsidethelow-&ag

P
e,theh

F
decreaseeastheReynoldsnum-

beriswied from3.0X 10 b 9.0x 10 . Furtherincreasesinthe
Re~oldsnwiber,however,donotseemtohaveanyappreciableeffect
uponthedrag.Variationsh theairfoildesignparmndmrsappeerto
havenocmsistentinfluenceupontheeffectofRemoldsnumberonthe
dragoutsidethelow-dragrange.Althoughroughnessticreasesthedrag
greatlyinthisregion,thevalueoftiebag for@ ro@-s~facec@@--
tionseemstoberelativelytiensitivetoReynoldsnumberasshownby
thedatafortheNACA63-oo9section(fig.2).

i
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The@crrtantcharacteristicsassociated
theangleofzero-lift,lift-curvesloye,and

withtheliftcurveare
themadnumMf’tcoefficient.

k ord&tofacilitate-theanalysisof-I& datapresentedh figures1
to9,valuesoftheseparametersweremeasuredatthesixtestReynolde
nuibersbetween3.0X 106and25.0X 106.Thevaluesoftheangleof
zeroliftofthecembereda~oils showedalmostnovariationwithReynolds
nmberand,therefon,erenotpresentedasa crossplotagainstReynolds
nunder.‘Thevaluesofthesectionlift-curvesloyeandmadnumsection
liftcoefficientarepresentedasfunctionsofReynoldsnumberinfiguresu
andU.

Lift-curveslope.-Thelift-curveslopeswereobtainedfrgmwe best
representativestraightlinethroughthee~erhmntel-data~otitsinthe
angle-of-attackrangeof4°oneachsideofthedesignliftcoefficient.
ThroughouttherengeofReynoldsnwiberofthisinvestigation,tievalues
ofthelift-curvesloye(fig.U.)forthesmoothsectionstestedarevery
closetothatpredictedbythin-airfoiltheory(2YCyerradianor0.110
yerdegree). Thelift-curveslopesofsomeofthasectionsshowa slight
tendencyto@creasetithReynoldsnuuiberbut,fordesignyurposes,this
slighteffectisWobably@per-t. Fortheairfoilsunderconsidera-
tion,thesectionlift-curveslopevariesonlyslightlywiththeairfoil
thicknessformbutincreaseswithth.iclmess.5s ti~d= ~tea ti
thedataofreference1 forallNACA6-seriesairfoils.Theadditimof
leading-edgeroughnesstotheNACA63-oo9sectiondoesnotaffectappreci-
ablythesectionlift-curveslopeintherangeofReynoldsnuniberofthis
investigation.Thisresultshouldnot,however,betakentoapplyto
airfoilsofallthiclmessratios.Thedataofreference1 showthevalues
ofthelift-curveslopeof.thesmoothendroughairfoilstodiverge
appreciablyasthethictiesszatioisincreas?dabove10to12percent.
Thesedataarefora Reynoldsnuuiberof6.0X 106buta somewhatsimilar
trendmightbeexpectedathigherReynoldsnmnbers..

Max3mumlift.-Theeffectsonthe~um liftofticreaseinthe
Reynoldsnumberfrom3.0x 106to25.0X 106followeitheroftwogeneral
trends,dependingupontheorderofmagnitudeoftheairfoilthiclmess
ratio(fig.U) . Forairfoilsof12-yercentthiclmessorless,the
maximumliftremainsrelativelyconstantoverthelowerrangeofReynolds‘
nuiber.EztendhgtheReynoldsnuiberbeyondthismnge,however,~wes
a rapidincreasefollowedbya levellngofforslightdecreaseofthe
maximumlift. Theresultsobtainedforthe18-percent-thicksection,
however,showanentirelyUfferenttypeofscaleeffectasevidencedby
a relativelysteadyhcreaseb maxhnumliftovertheReynoldsnumber
range. .

Thedetailedclifferencesintheflowmechanismresponsibleforthe
observed-differencesh thetypeofscaleeffectshownbythethickand
thinsectionsere

2
otentirelyclear.Unpublisheddataata Reynolds

numberof6.0x 10 showthat63-seriesairfoils,ofE-percentthickness

\

.
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8 NACATNNo.1773

bndless,stXllasa resultofabruptUmfnarseparationoftheflowneex
thelea- edge,whereas63-seriesairfoilsof18-peroentthichesssw
asa resultofa gradualseparationoftheturbulentlayermovingfO~a
frcmlthetiling edge.Bytheuseof.theseresultsasa starting~oint,
a qualitativeflowmechanismoanbetracedwhiohofferaa possibleexplana-
tionforthetypeofscaleeffectshownbythethickandIihjnsections.
Thebasicideas~senteainthefollowlngdiscussionoftheflowmeohanism
smethoseofJacobsandShezmen(referenoe5)ina somewhatextendedfomn.

Considerfirsttheairfoilsof12-peroentthiclmessorleaswhichare
knowntost@lasa resultofleminarseparationattheleadlngedge.The
petitatwhichla@narseparationoccursandthemqpitudeofthepressure
recoverywhichmaybewithstoodbefore”thelaminarlayerseparatesarenot
hfluencedbythevalueoftheReynoldsnuuiber.Forairfoilswhloh stall
by seperaticmofthelaminarlayqrneartheleadingedge,theRe~lds
numberwouldnot,therefore,bee~ectd tohaveanyeffectu~onthe
maximumliftiftheyossibili~oftheseparatedlayerreattachingitself
tothesurfaceweredisregsrdeii.SinoethedataoffigureX2showno
maleeffectonthemsxhnumliftofthethinairfoilsover@e lowed
rangeofReynoldsnmberanclsinoetheseairfoils~e knowntoshillby
lmninersepEcrationwitMnthisrange,ittightbeassummithat,onoethe
flowiscompletelysepuatd,increashgtheReynoldsnuuiberdoesnot
resultinitsreattachment,withinthislowerrangeofReynoldsnuder.

Themibsequentrapi~@rease h madmumliftovera relatively
shortrengeofReynol~number(fig.12)isbelievestoUcate that
theseparatealmdnarlayerisreattachingitselftothesurfaceasa
&urbulent,llayer.Datasho~ suoha reattachmentwitha %tible”or
dead* regionexisthgbetweenthepointsoflsminerseparationand
turbulentreattachmentarepresmtaiinrsferences6 and7. Theseresults
alsoshowthatthebubbleaecreasesinsizeastheReynoldsnwiberis
hreaseaforanairfoflata givenangleofattack.A qualitative
speculationisaavanoeainreference6 asanex@anationforthereattach-
mentanadecreaseb sizeofthebubbleulthincreasingReynoldsnumber
undergivenconditimsofpressuregradient.AccordingtotheseIaeas,
a clefiniteReynol@m.mikrRT shouliiextstbetweenthepointatwhich
lsadnarseparationoocursandthepointoftmnsitionalongtheseparatea
lsminarlayeratwhichturbulencebegins.Iftheassmptionismadethat
theturbulencespreadsfrcmthetmndtionpointata givenmgle,reat-
tachmentwilloccurwhenthisspreadingturbulentflowstrikesthesurfaoe
amiestablishesitselfasa turbulentbouade.rylayer.Fora givenairfoil
shapeata givenangleofat-k, increasingthewingReynoldsnuniberwill
decreasethedistaucecorrespondingtotheReynoldsnuiberIRt neceasezy
fortheseparateal.smharlayertobreakupIntoturbulence.Thesizeofthe
b~ble,therefore,decreasestithmre=q ~wol~ n~er ●

Byapplioatimoftheideas.justaiscussf3iLtothephenomenonof
leminarseparationoftheflowneertheleaddngedgeofanairfoil,the
pointofreattachmentw be seentodependuponthepressuregradient,
theRemoldsnumber.anathecurvatureoftheairfoilsurface.Assume
that

such
.

&e Reynoldsn&iberofoneof
thattheflowjustreattaches

\

..,.,..-.,,,.*..->.,.,,:..

thethinaizfoils(fig.U(a))‘is
itselftothesurfaoeatanangle

,— -—-. .---- .—,,
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NACATNNO.1773 9

attackcorrespondingtomexinnmliftata smewhatlowerReynoldsmmiber.
Increasingtheangleofattackundersuchcircumstanceswillhavethe
followingeffects.“Thepressuregradientattheleadingedgewillbecome
moreadverseendthenegativepressureyeakhigher.Thelendmarsepara-
tionyointwillthenmoveforwardaroumithecurvedleadingedgeofthe
airfoil.OntheassumptionthattheseparatedMm3narlayerflowsaway
fromthesurfaceh a directiontangentialtothesurfaceatthepointof
separation,forwsrdmovementoftheseparationpetithasa defimLtely
adverseeffectuponthepossibiliiqyofflowreattachment.Ontheother
hand,becauseoftheincreasedvelocitiesoverthesurface,thelinear
distancecorrespondingtotheReynoldsnumberR1 requiredforturbu-
lencetobegtiintheseperatedlayerdecreases,andthisdecreasehasa
favozableeffectuponflowreattachment.Fora givenangleofattackand
b@blesize,furtherincreasesinliftattheseineReynoldsnumberwould
seemtodependupontherelativeslamngthofthesetwoe“ffects.The
titsoffigure12(a),whichshowthemaximumliftofthetMnnerairfoils
toincreaserapidlyovera relativelyshortrangeofReynoldsnmber,
wouldseemtoindicatethatata givenangleofa=k snddepeniHngupon
theinitialbubblesize,whichintu?mdependsuponthewingReyQolds
nutuber,considerableincreaseinliftisyossiblebeforeforwsxdmovement
ofseparationbeccmesthe~redminanteffectendcausestheflowto
separatepermsnentl.y.

TheprecedingM8cussionisbasedontieassumptionthatmeximum
liftisa functiononlyofphenomenaoccurringattheleadingedge.The
changesintheflowfieldnesrtheleadingedge,however,c-et becon-
sideredasaffectingonlylocellconditionsatthatpointbutmustabo
beconsideredh relationtotheflowoverthereeroftheairfoil.The
decreaseinsizeoftheladner-separationbubblenesrtheleadingedge
hasa beneficialeffectuyontheturbulentlayernearthetrailhgedge.
Thisbeneficialeffectdependsonthefactthattheinitialconditions
oftheturbulentlayerasitbeginsneartheleadingedgearesoaltered
thatmorepressurerecoverymaybewithstood%eforeseparationbegins‘
nearthetrailingedge. Theincreasednegativepressurepeaksnesr
theleadingedgewhichthedecreaseinsizeofthelsminar-separation
bubblepermits,however,havea distinctlyadverseeffectuponthetendency
oftheturbulentlayertosepsrateattheresroftheairfoil..

AstheprocessofincreasingmaxtmumliftwithincreasingReynolds
numbercontinues,a situationmaybe 3maginedinwhichtheturbulent
layernearthetrail@ edgebecomescriticalandstartstoseparate.
Theeffectofthisseparationontheflowfieldsroundtheairfoilis
ofthesameme asthatproducedbythesmallnegativedeflectionofa
.platiflap.Thebegimdngofturbulentseparationattherearofthe
airfoilthusresultsinhigherne~tivepressurepeaksneartheleading
edgefora givenliftcoefficient(reference8). me effectofthese
higherpeaksistoincreasethesizeoftheLmrlnar-separationbubble
which,togetherwiththehigherpressurerecoveries,tendstocausemore
turbule&separationattherearoftheairfoil.A regenerativeprocess
couldthusbeestabMshedwhichwouldqticldyMmlt themmlmumlift.
Sucha processisbelievedtoberesponsiblefortheexlc@menU

. -.. — . . . .. . . _______ ..—., .—— ___ .Y.y., . -~ ----—”- -—-“’— -–”—”—-—-— ‘-’—--‘.
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observedfact(fig.12(a)) thatthemmlmumliftofthethinairfoi~,
aftera rapidriseovera relativelyshortrangeofReynoldsnumber,
rathersuddenlyceasestoincrease.A considerationoftheseideas
indicatesthat,evenwithinthatrangeofReynoldsnumberwherelaminar
separationattheleacUngedgeislmowntolimitthellft asinthe
firstfla$portionofthescale-effectcurves(fig.12(a)j,thetendency
towardturbulentseparationattherearoftheairfoilmayhavea con-
trollingeffectupontheobservedphenmenonoflsminsrseparationat
theleadingedge.

H theprece~ disctisionisassumedtodepicta reasonably
accuratequalitativepictureofthemechenism.bywhichmaximumliftis
reachedattheuyperendofthatmallrangeofReynoldsnumberover
whichthemaximumliftticreasesrapidly,thelackoffurtherappreciable
scaleeffectwouldseemtoindicatethatseparationoftheturbulent
layerislittleaffectedbyvariationsh theReynoldsnmber. Thework
ofTonDoenhoffandTetervin(reference9)onturbulentseparation
indicatesthat,iftheinitialconditionsoftheturbulentlayererenot
altered,increasingtheReynoldsnumberactuallyhasa slightlyadverse
effectupontheamountofpressurerecoverywhichmaybewithstood
beforeturbulentseparationoccurs.Thelackofadversescaleeffect
shownbymostofthedataoffigureE(a) canpossiblybeexplalnedby
variationsintheconditionoftheshortlsminarlayerneartheleading
edgewhichchangetheinitialconditionsoftheturbulentlayera suffi-
cientamounttomaskthee~ectedadverseeffeet.

Thelargedifferencesinthetypeofstallandscaleeffectofthe
thinnersectionsasccmparedtothe18-percent-thickairfoilhavealready
beenpointedout.Thedataobts3nedh previouslymentionedunpublished
stallstudiesshowgradue2separationoftheturbulentboundarylayer
nearthetrailingedgetolimittheliftofthe18-percent-thicksection.
me characteroftheHt-curvepeakoftheNACA633-018airfoil(fig.6)
ascomperedwiththatofthethinnersectionsalsogivessomeindication
thatturbulentseparationislimitingtheliftofthe18-percent-thick
section.W viewoftheprecedingdiscussionoftheeffectofReynolds
numberonturbulentseparation,however,theonlyex@anationforthe
lsrgescaleeffectshownbythisairfoilwouldseemtobeassociatedwith
rapidlychanginginitialconditionsoftheturbulentlayernesrthelead-
ingedgeastheReynoldsnuuiberisvaried.Foranexplanationofthe
vsriationoftheseinitialconditions,thebehavioroftheshortlaminar
layerneartheleaddngedgemwt againbeexamined.

Thepressuregradientsneartheleadingedgeofthe18-percent-
thicksection,althoughnotsufficientlyadversetocausecompletesepara-
tionattheReynoldsnuuibersofthisinvetitigation,mightbegreatenough
toproducea laminar-separationbfibleofthetypepreviouslydescribed.
A steadydecreaseh sizeofthisbtibletilihincreasingReynoldsnunber
couldprobablycausea favorablechangeintheinitialconditionsofthe .
turbulentlayerofsuchmagnitudethatturbulentsepamticmattherear
wouldbe delayedtohigherliftcoefficients.Sucha phenomenonwould
accountfortheVariatimofthemaxifn#liftwithReynoldsnuderforthe

.

.

.
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18-percent-thicksection.’Itseemsreasonabletosuppose,however,that,
atsomehighervalueoftheReynoldsnuuiber,thebfiblewouldbenon-
existentand,atanevenhigherReynoldsnumber,thelemharMyerwould
be sothinthatfurtherdecreaseinitsthiclmessre6ultingfrmnincreas-
ingReynoldsnmiberwouldhavelittleeffectontheinitialconditions
oftheturbulentlayer.Whensucha conditionisreached,the~um
liftwouldpreswnabl.ydecreasesomewhatwithfurtherticreasesh Reynolds
nunber.An indicationthatthistypeofscaleeffectwouldactually
occurmaybefoundh theresults‘fortheNACA83111airfoilwhichare
discussedinreference5.

Althoughthecharacteristicshapeofthecurveof~um Mft
againstReynoldsnmberIsessentiallythesamefortheairfoilsof
12-yercentthicknessandless,thevaluesoftheReynoldsrnmberatwhich
thedifferenteffectsoccurvarysomewhatwiththeairfoilthicknesssnd
thicbessform(figs.12(a)andE?(b)).Oneeffectuponthevariationof
mexhnumliftwithReynoldsnumberofticreas~theairfoilthickness
ratioseemstobea decreaseofthevalueoftheReynoldsnmberatwhich
themexhmmliftbeginstoincreaserapidlywithReynoldsnmibpr
(fig.12(a)). An increasetiairfoiltMclmessratiocausestheseveri~
ofthesurfacecurvatureneertheleadingedgetobereducedwhichin
turndecreasesthemagnitudeoftheadversepressuregradient just behind.
theleadingedge.Whenconsideredinrelationtothepreviousqualitative
discussionofthemechanismofmax3muMlift,thesetwoeffectsof
increasingthicknesswouldtendtoexplaintheexperimentalresults.The
dataoffigure1?(a)alsoshowthepagnitudeofthefavorablescale
effecttodecreasesomewhatwithairfoilthichessuptothicknessratios
ofE percentofthechord.A chengeintherelativestrengthofthe
tendencytowardlamlnerseparationattheleadingedgeandturbulent
separationatthetrailtigedgeisprobablyresponsibleforthisbehavior.

Thedatapertairhgtotheeffectofthicknessformuponthemaximum
liftererestrictedtomovementofthepositionofminimumpressureon
thebasicthictiessformatzeroliftfrom30percentto Y percentchord
andfrom30percentto@ percentchordforairfoil-thicknessratiosof ‘
6 and9 percentofthechord,respectively.Forthesethiclmessratios,
thepositionofm3nimwpressuredoesnotappeertohavea verypowerful
effectuponthemaxhumlfit(fig.12(b)). BetweenReynoldsnmibers
of15.0X 106and25.0X 106,theda- fortheairfoilsof6-percent
thicknessseemtotid.icatethatmovingthepositimofminhumpressure
rearwarddecreasesthemaximumliftanddelaystherapidriseinmaximum
liftwithReynolds.nuniber.Theresults,however,EUWnotentirely
consistent● Movingthepositionoftitiumpressurerearwardhassame-
whattheseineeffectuponthesurfacecurvatureandtheresultant
pressuregradientsnesrtheleadingedgeasdecreashgthethicbess
ratiofora givenpositionoftiimumpressure.Resrwardmovementof
thepositionOFminimunpressurewould,.therefore,beexpectedtoshift
tohighervaluestheReynoldsnurtiberatwhichtherapidriseh msxhum
liftwithReynoldsnmberbegins.Fortheverythinairfoils,however,
theeffectdoesnotappe~tobe 3mportant.Ontheotherhand,the

-. .. ----— ——.--—.—— . . .. . ..—. _____ ——— s— ...____ ....... _____ .__ .._ ____ _
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dataofreference1 showthat,atReynoldsnumbers_betweeen3.0X 106
and9.0X 106,movingtheyositionofmintnnmpressurereezwardhasa
definitelyadverseeffectuponthe~ liftofthethickerairfoils.

Theeffectuponthemaximumliftoftieadditionofa smeUamount’
oftheuniformload@-peofcambertothe63-seriesairfoflsof9-percent
and12-percentthiclmessisshowninfigureE(c). Thecmiberincreases
themadnumliftofbothairfoilsactallReynoldsnumbersbutdoesnot
materiallychangethegmieralcharacterofthescale-effectcurves.The
valueof-theReynoldsnwnlxaratwhichthemaximunliftrisesrapidly,
however,isloweredwhencaniberisaddedtothe9-percent-thicksection.
Sincecsrbersochangesthecurvatureof”theairfoilsurfacenesrthe
leadingedge&at theseparatedlsminerlayermaya~h itselftothe
surfacemoYereadily,thisresultisnotsurprising.

TheresultsobtainedfortheNACA63-oo9airfoilsectionequipped
“witha O.20csimulatidsp~tflapdeflected60°arealsopresentedin
figure12(c). Thesedatashowthescale-effectcurvefortheairfoil
withsplitflaptoparallelthatforthepla~ airfoilthroughoutthe
rangeofReynoldsnmiber.58 resul.~wouldseemtoindica%thatthe
relationshipbetweenthevariousparametersw~ch havebeensuggested
ascontrol.1~the~ liftisunchsngedbythedeflectionofa split
flap. Sufficientdatame notavaila%le,however,toshowthegeneral
Valitityofthisresult.

Thefactshouldberenumberedthatthediscussionoftheeffects
ofcemberisbasedontestsoftMn NACA6-seriessectionshavingsmall
emountsoftheuniformloadtypeofcanber.Accordingly,theconclusion
camnotbemadethattheeffectof,different~es ~a smountsofcaniber
incombinationwithdifferenttypesofbasic“thictiessfozmswouldbethe
semsasthatshownlythepresenttests.Mmilarly,theIwsultsobtatied#
forthe9-percent-thicksectionwithsplitflaparenotnecessarilyresults
thatmightbeObtainedwithother~es offlapsonotheratrfoils.

TestsoftheNACA63-oo9airfoilwitha roughenedleadingedge
(fig.I-2(a)) showthatthemsxbnumliftremainsrelativelyconstant
throughouttheReynoldsnuiberrangeofthetests.Theroughnessatthe
leadingedge,ofcourse,causesthebom@y-Mer flow~ bet~b~nt
overtheentireairfoil.Froma considerationofthisfactinrelatim
totheprevioustiscuEsimofturbulentseparation,theabsenceofscale
effectfortheroughconditionmighthavebeeneqected.

CONCL~12GREMARKS

Resultserepresentedofsninvestigationmadetod@emdnethe
two-ddnumsiotiliftanddragc@’acteristicsofnineNACA6-series
airfoilsecticmsatRepoldsnmbersof15.0X 106,20.0X 106,
~d 25.0x 106.AISOpresentedaredatafrm NACARep.No.824for

.
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.

theseineairfoilsatReynoldsnumbersofS.Ox 106,6.ox 106,and9.ox 106.
~itative explauatims@ termsofflowbehaviorareadvancedforthe
observedtypesofscaleeffect. 8

Thediscussionofthephenomenaat~um liftispxrticulerly
speculative&d indicatesthatmuchmoreresearchisnecesserybeforethis
problemcanbeenalyzedquantitatively.lhparticular,quantitativedata
relathgtothemec~sm contmoll@nthereattachmentoftheseyarated
lemherlayertothesurfaceandtheconditionsoftheturbulentlayer
followingreattachmentwe necessery.Shoulda generalinvestigationof
theseproblemsyieldfruitzl?ulresults,itisbelievedthat,withtheaid
oftherelationsforturbulentseparationpreviouslydevelopedbythe
NACA,anintelligentapproach“tothecalculationofthemaximunli$t
coefficien%forclifferentairfoilsatdifferentReynoldenmiberscouldbe
made.

Untilsuchtimeascalculationsofthisnaturearepossible,~ ~st
~or~t c~clmiontibedrawnfromthemaxtmmliftresultsofthis
investigation,frcma considerationofairpQnedesign,relatestothe
ccmperisonoftheairfoilsatdifferentReynoldsnuuibers.Althoughthe
airfoilsof12-percentthicknessandlesshadtheseine@pe ofscale-
effectcurves,-theReynoldsnumbersatwhichme differenteffectspre-
dominatevaried.The18-percent-thicksectionhada me ofmaximum-
liftvariationwithReynolds“nuderthatwasentirelyclifferentfromthe
thinnersections.Anycomparisonofairfoilmeximum-liftcharacteristics.
cenbemadeonlyifthedataforthegroupofairfoilsunderconsideration
areavailableattheseineReynoldenuniber.Thechoiceofanopt- air-
foilformaxhnumliftfora givenapplication;therefore,mustbedeter-
minedfromdatacorrespondingtotheoperatingRejnoldsnuniberofthe
application.

LengleyAeronauticalLaboratory
NationalAdvisoryCammitteeforAeronautics “

~ey Field,Va.,October13,1948

.
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